In low alloy steels containing Nb, the poor hot ductility is basically due to the austenite grain boundary segregation of sulfur and the additional matrix strengthening of Nb(C,N) precipitates, both of which decrease the equicohesive temperature. The recovery of hot ductility is therefore attributed to not only the clean grain boundaries that the segregated sulfur is scavenged through the MnS reaction but also the matrix softening by the coarse Nb(C,N) precipitates.
I. INTRODUCTION
THE studies on problems of transverse surface cracking during continuous casting have been conducted by many researchers. [1] [2] [3] [4] [5] [6] [7] Following their studies, the hot ductility highly depends on the alloying elements such as Ti, Nb, Al, V, and B. Among these elements, Nb is especially known as an element most detrimental to the hot ductility. It has been shown that Nb forms Nb(C,N) carbo-nitrides dynamically and finely during continuous casting. The hot ductility in the austenite single-phase region decreases abruptly as the size and the interparticle spacing of the carbo-nitride particles decrease. The mechanism for explaining the hot ductility loss is divided into two groups: the micro-void coalescence mechanism [2] [3] [4] [5] [6] [7] and the grain boundary sliding mechanism. [2] During continuous casting, the Nb(C,N) particles formed in the matrix strengthen the austenite matrix, and the precipitates formed concurrently at grain boundaries result in the precipitate-free zone along the austenite grain boundaries (AGBs). As a result, the strain resulting from the external stress during casting is mainly concentrated in the softer precipitate-free zone, causing the decohesion at the interface of the Nb(C,N) precipitates and the AGB. Finally, the intergranular fracture occurs through the continual coalescence of the micro-voids formed at the AGB. [5] [6] [7] In the grain boundary sliding mechanism, the finely formed precipitates pin the AGB, allowing the cracks to join up and resulting in the final cracking. [2] Meanwhile, it has been reported that the S segregated to the AGB accelerates the decohesion process. [8, 9] However, although many researches on the hot ductility loss mechanism [2] [3] [4] [5] [6] [7] and the recovery mechanism [2] which is based on the coarsening of the precipitates have been performed, the mechanisms on the hot ductility are not still clear.
In this study, the mechanism of hot ductility loss and recovery is understood in the light of the competition between the matrix strengthening by Nb(C,N) precipitates and the grain boundary strengthening arising from the formation of MnS particles. C-Mn-Nb low alloy steels with four different compositions were prepared. Changes in reduction of area (RA) with holding time in the temperature range at which surface cracking is observed during continuous casting of this class of steels were investigated, using a thermo-mechanical simulator.
The grain boundary segregation behavior of sulfur, which is changed with test condition, was also investigated, using Auger electron spectroscopy (AES).
II. EXPERIMENTAL PROCEDURE
Ingots of 30 kg were hot-rolled to plates of 12 mm thickness after holding at 1423 K (1150°C) for 2 hours. The chemical compositions of the prepared steels are listed in Table I . In order to evaluate the change in phase fraction of precipitates with temperature, the equilibrium phase fraction was calculated with the Thermo-Calc database (TCFE7). Cylindrical tensile specimens with a dimension of 8 mm gauge length and 7 mm gauge diameter were machined from the hotrolled plates in the direction normal to the hot-rolling direction. The specimens were induction-heated up to 1573 K or 1673 K (1300°C or 1400°C), using a thermo-mechanical simulator. The uniform heating zone was 30 mm. Because the intergranular surface cracking during continuous casting occurs usually in the temperature range of 1073 K to 1373 K (800°C to 1100°C), the recovery rate of hot ductility was compared at the temperatures of 1173 K and 1273 K (900°C and 1000°C). After soaking at 1573 K or 1673 K (1200°C or 1300°C) for 5 minutes, the specimens were cooled at a rate of 20 K/s to 1173 K or 1273 K (900°C or 1000°C) above the Ae 3 temperature. The change in hot ductility with holding time at these temperatures was investigated. The tensile test was carried out at a strain rate of 10 À2 /s. An argon atmosphere was held during heating and tensile test. The size and distribution of precipitates was investigated by a scanning electron microscope (SEM). In order to investigate the segregation behavior of sulfur, notched AES specimens with a dimension of 3 mm diameter and 16 mm length were machined from the tensile-tested specimens. They were chilled with liquid nitrogen in the AES and in situ fractured in a vacuum of 5 9 10 À10 torr or higher. Typical parameters were the primary electron beam energy of 3 keV and an electron beam size of about 200 nm. Exposed grain boundary facets were chosen for the AES analysis. Peak to peak height ratios (I S /I Fe ) obtained from the differential AES spectra were averaged. The AES peaks used were Fe 703 and S 150 .
III. RESULTS AND DISCUSSION
From the Thermo-Calc result of Figure 1 , the soluble sulfur content increases with increasing temperature. At a given bulk sulfur content of Table I , the soluble sulfur content at a high temperature is lower in the Nb-Mn steel containing the higher Mn content than the Nb steel, due to the higher MnS fraction. It is also expected from the result that Nb(C,N) precipitates are formed below 1403 K (1130°C), and the bulk sulfur is mostly consumed to form MnS particles during holding at 1423 K (1150°C) for hot-rolling. The MnS particles formed in the Nb steel during hot-rolling can be completely dissolved into the matrix at 1673 K (1400°C), while some of them are dissolved into the matrix at 1573 K (1300°C). Not only Nb(C,N) precipitates but also additional MnS particles can be formed during tensile test at 1173 K or 1273 K (900°C or 1000°C) after soaking at 1573 K or 1673 K (1300°C or 1400°C). Changes in RA with holding time at 1273 K (1000°C) are shown in Figure 2 . At the initial holding stage, the Nb-free steel showed the RA of nearly 100 pct. The RA decreased abruptly with increasing Nb content. However, the RA of the Nb-Mn steel with a higher Mn content was the highest among the steels at the similar bulk S content. The RA increased with increasing holding time, and the steels all restored perfectly the hot ductility after about 60 minutes. Figure 3 shows changes in stress-strain curve with Nb content after holding at 1273 K (1000°C) for 1 minute. The increase in yield strength with Nb addition corre- sponds to the abrupt decrease in hot ductility of Figure 2 . Figure 4 shows the dependence of RA of the Nb steel on soaking temperature during holding at 1173 K (900°C). The recovery rate of hot ductility was higher in the 1673 K (1400°C) case. From Figures 2 and 4 , the recovery rate of the Nb steel was much higher at 1273 K (1000°C) than 1173 K (900°C) even in the same soaking treatment of 1673 K (1400°C). Changes in fracture mode of the Nb steel with soaking temperature and holding time at 1173 K (900°C) are shown in Figure 5 . During holding at 1173 K (900°C) after the soaking treatment at 1573 K (1300°C), the fracture mode was intergranular, and it was little changed with holding time. After the soaking treatment at 1673 K (1400°C), the fracture mode was changed from intergranular to nearly ductile with increasing holding time. As shown in Figure 6 (a), the case of 1573 K (1300°C) in the Nb steel shows mainly the coarse MnS particles which were not completely dissolved during soaking at the temperature after hot-rolling. Meanwhile, the other case of 1673 K (1400°C) of Figure 6 (b) shows the MnS particles finely distributed within the matrix which have been formed during holding at 1173 K (900°C). Based on Figure 7 , the segregation concentration of S in the case of 1573 K (1300°C) was little changed during holding at 1173 K (900°C). The segregation concentration in the other case of 1673 K (1400°C) decreased with increasing holding time, which corresponds to the gradual increase in RA of Figure 4 .
In general, the equilibrium segregation concentration of a solute decreases with increasing temperature. During holding at a temperature, the segregation concentration of the solute increases gradually to the equilibrium concentration corresponding to the temperature with increasing time. [10, 11] There are several exceptions different for such an equilibrium segregation behavior. The segregation kinetics of solutes (Mn, Ni, or Ti) in Fe-Ni-(Mn or Ti) age-hardening steels shows a convex profile in a time vs segregation concentration plot [12] [13] [14] which is directly governed by the precipitation reaction of h-NiMn or g-Ni 3 Ti. Such a convex profile is also observed in pure iron [15, 16] and an Fe-12Mn binary alloy. [17] In 0.1 pct Mn-doped 3 pct silicon steels with the higher bulk content of S, the occurrence of the convex profile of S at the shorter annealing time during final annealing is also due to the interface around the actively formed MnS particles, which acts as a sink of the segregated S. [18] Meanwhile, the S is well known as a strong grain boundary embrittler in austenitic [19] [20] [21] or ferritic [15, 16, 22, 23] alloys. Based on the research, [20, 21] the hot ductility loss of the present alloys is basically due to the segregation of sulfur to the AGB and the additional matrix strengthening by the precipitation of Nb(C,N) particles. [24] The recovery in hot ductility with holding time is therefore due to the formation of the MnS particles decreasing the segregation concentration of S at the grain boundaries and the additional matrix softening resulting from the overaged Nb(C,N) particles. In addition, the highest recovery rate in the Nb-Mn steel, the faster recovery rate in the case of 1673 K (1400°C) of Figure 4 , and the corresponding decrease in segregation concentration of Figure 7 (b) are mainly due to the increase in the interface area caused by the distribution of the fine precipitates which acts as a strong sink of the segregated S as well as the reduction in dissolved S concentration by the active formation of the MnS particles.
Meanwhile, the loss and recovery of hot ductility need to be considered from the other viewpoint. The dependence of yield and intergranular fracture strengths on temperature in face-centered-cubic (fcc) metals is schematically shown in Figure 8 . [25] Here, the equicohesive temperature is a temperature where the yield strength is the same as the intergranular fracture strength. As shown in Figure 8 , the decrease in intergranular fracture strength arising from the segregation of impurities to the grain boundaries, the increase in yield strength and the combination between them raise the susceptibility to the high temperature intergranular cracking, because they all decrease the equicohesive temperature. It has been additionally clarified in the research [25] that the elevated temperature intergranular cracking in heat-resistant steels does not occur simply through the coalescence of voids formed around prior AGB carbides but the decohesion at the interfaces of the carbides and the subsequent decohesion of the carbide-free grain boundaries. In general, because the fcc metals show only one equicohesive temperature in the elevated temperature range, the intergranular cracking occurs only above T e of Figures 8(a) through (c) . However, when the grain boundaries are severely embrittled and concurrently the yield strength is highly increased, the intergranular cracking can occur below T Referring to Figure 8 , the hot ductility loss in the present steels is basically due to the segregation of S to the AGB which lowers the equicohesive temperature to below the test temperature. Depending on the Nb content, the difference in recovery rate of Figure 2 is also attributed to the matrix hardening by the Nb(C,N) precipitates which decrease the equicohesive temperature to a temperature much lower than the test temperature. The highest recovery rate of hot ductility in the Nb-Mn steel of Figure 1 and in the Nb steel at 1673 K (1400°C) of Figure 4 is due to the increase of equicohesive temperature to a higher temperature which results from the active formation of the MnS particles accompanied by the higher bulk Mn content.
IV. SUMMARY
The poor hot ductility in the low alloy steels is due to basically the AGB segregation of S which decreases the grain boundary cohesion strength. Under a situation at which the grain boundaries are embrittled by the segregated S, the formation of Nb(C,N) particles by the addition of Nb accelerates the hot ductility loss, due to the additional matrix strengthening effect. The recovery of hot ductility is due to not only the decrease in segregation concentration of S at AGBs which is accompanied by the MnS reaction but also the matrix softening effect resulting from the coarsening of the Nb(C,N) precipitates. 
